Introduction
Substances containing heavy elements are often hazardous, 1, 2 and therefore methods for safely and nondestructively detecting such elements confined in containers are desirable before destructive analysis. 3 One such method is X-ray computed tomography (CT), which can be used to quickly visualize the spatial distribution of the linear attenuation coefficient (LAC) of X-rays within a sample. 4, 5 Because X-ray absorption is sensitive to the atomic number (absorption increases with increasing atomic number), X-ray CT is a useful tool for the detection of heavy elements. 6, 7 Conventional dual-energy X-ray CT using monochromatic [8] [9] [10] [11] [12] and polychromatic [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] X-ray sources is usually used for the quantification of heavy elements, but in the present study, we investigated the use of single-shot, or single-energy, CT using a polychromatic X-ray source. The advantages of our method are that: (i) single-shot CT reduces the imaging time, prolongs the lifetime of the expensive X-ray tube and detector, and reduces radiation exposure of samples or patients, (ii) polychromatic X-rays can be readily generated by conventional medical CT instruments, and do not require huge facilities, such as particle accelerators. Here, we describe the general principles of the method and its application to a Ce-containing solution to evaluate its accuracy.
Methods

Acquisition of a single X-ray CT image
Estimating the atomic number, Z, and concentration of an unknown heavy element in a sample requires two steps:
(i) using a polychromatic X-ray source to acquire a single two-dimensional X-ray CT image exhibiting beam hardening and (ii) computationally generating many CT images for various heavy elements and concentrations using the acquired CT image. The X-ray source should be polychromatic so that beam hardening is observed in the reconstructed CT image. The medical CT scanner we used radiates such a polychromatic spectrum (Fig. 1) .
In this study, we used an aqueous solution of CeCl3 (0.55 mol/L) in a cylindrical polypropylene sample tube (outer diameter, 3 cm), which was placed in a plastic sample container (polypropylene body, polyethylene cap). The use of two containers for the sample mimics the situation that might be encountered when measuring unknown dangerous chemicals hidden in a container. 3 The substance CeCl3 was chosen as an example because (i) it is water-soluble, and a homogeneous Ce-bearing sample can be readily prepared, and (ii) the K-edge of Ce falls within the X-ray spectrum (Fig. 1) , and thus Ce is detectable by our method. The sample was imaged with a medical CT scanner (Fig. S1 , Supporting Information) under the following imaging conditions: acceleration voltage, 100 kV; tube current, 200 mA; slice thickness, 1 mm; in-plane voxel size, 0.3125 mm; X-ray exposure time, 4 s; reconstruction filter, Chesler type. The image reconstruction time was as short as approximately 15 s. The reconstructed CT image is shown in Fig. 2a ; the inhomogeneous distribution 4, 5 of the voxel intensity within the homogeneous solution shown in Fig. 2b provided evidence for beam hardening.
We quantified the degree of the beam hardening by considering the line profile of the voxel value, or LAC, along the yellow line in Fig. 2b . The relatively low Ce-concentration and almost symmetric shape of the sample allowed us to use the following parabolic approximation (a Taylor expansion of an even function): X-ray computed tomography (CT) images obtained with a polychromatic X-ray source were simulated by computer for homogeneous solutions and suspensions containing a heavy element. When the K-edge of the element was near the peak energy of the polychromatic X-ray spectrum, the degree of beam hardening in the simulated CT image strongly depended on the atomic number and molar concentration of the heavy element. We analyzed the beam hardening of a single measured CT image of a CeCl3 aqueous solution sample, and successfully estimated the atomic number and the molar concentration of Ce simultaneously within a certain error. This single-shot, or single-energy (as opposed to dual-energy), CT method permits quick, nondestructive screening of a hazardous heavy element in a solution or suspension confined in a container. 
where c0 and c2 are constants, and x is the dimensionless displacement (the length unit is the voxel size). The quantity c0 is related to the heavy-element concentration, and c2 is a measure of the beam hardening effect. The unit for the LAC, c0, and c2 values is the dimensionless Hounsfield unit (HU) 13, 14 for measured CT images, whereas the values are in cm -1 for simulated CT images. Undesirable distortion of the LAC value (e.g. the Gibbs phenomenon) derived from the reconstruction filter occurs at the rim of the aqueous solution image. 4, 23 Thus, we discarded several voxels near the rim, and used the yellow line (length, 71 voxels) for the line profile analysis (Fig. S2 , Supporting Information). The values of c0 and c2 obtained by a least-squares fitting of Eq. (1) to the experimental data are characteristic quantities of the beam hardening exhibited by the sample. We tried to find a set of (c0, c2) values that would most reasonably reproduce the experimentally obtained (c0, c2) set by carrying out many X-ray CT simulations, as described in the next section.
Simulation of X-ray CT images
We simulated many CT images on a personal computer, starting with the experimentally obtained image shown in Fig. 2 . The details of this CT simulation method have been described elsewhere. 4 Briefly, the bright voxels corresponding to the heavy element were extracted (Fig. S3 , Supporting Information). Because the LAC value of plastic is small compared with that of the heavy element, the LAC values for voxels corresponding to polypropylene and polyethylene in Fig. 2a can be set to the value for ambient air (0 cm -1 ). We assigned a chemical composition, wt% concentration, and bulk density to the extracted bright voxels, and then calculated the energy-dependent LAC value (e.g. Fig. 1 ) of the heavy-element containing sample using the XCOM database. 24 The calculated LAC data were combined with the photon energy distribution of the scanner (shown in Fig. 1 ) to output a sinogram exhibiting beam hardening (Fig. S4 , Supporting Information). We used the sinogram to reconstruct a two-dimensional 16-bit CT image (Fig. 3 ) by a convolution back projection algorithm with a Chesler-type filter. We applied line profile analysis (Fig. 4) to the reconstructed image along the same line used for the measured CT image to obtain c0 and c2 values.
We repeated the CT simulation procedure described above for 
Error evaluation using a CeCl3 solution
Experimental CT images inevitably contain undesirable noise, for example, noise derived from the imperfectness of the X-ray sensor property and of the mechanical rotation of the gantry (Figs. 2b and S2 ). Noise can reduce the accuracy of the estimated Z values and concentrations. To evaluate the error arising from noise, we compared the set of (c0, c2) values obtained experimentally with the medical CT scanner and the set obtained by the numerical simulation for the CeCl3 aqueous solution (0.55 mol/L). The unit for the LAC value obtained from the medical CT image (HU) differs from the unit of the value obtained from the simulated CT image (cm -1 ). Therefore, we performed a unit conversion using a calibration before analyzing the line profile, as described in the following section.
Results and Discussion
The results of the line profile analysis of the simulated CT images obtained by assuming that the bright region in Fig. S3 is an aqueous solution or powder suspension of a heavy element at a specified concentration are shown in Figs. 5 and 6. The simulation time required to obtain a single data point in Fig. 5 was as short as several seconds using a personal computer with an Intel Core i7 870 CPU (2.93 GHz) running 32-bit Windows 7. The c0 and c2 values were as small as 0.23 cm -1 and 1.4 × 10 -6 cm -1 for pure water containing no heavy elements (Fig. 5) . Because LAC increases with increasing heavy-element concentration, 24 c0 also increases with the concentration (Fig. 5a ). The increase in the heavy-element concentration enhances the beam hardening effect, and thus c2 also increases with the concentration (Fig. 5b) . Figure 5c shows the Z-dependent trajectories of heavy elements in the c0-c2 plane. According to Fig. S5 (Supporting Information), the dominant absorption mechanism is photoelectric absorption, and the LAC value increases rapidly with Z (i.e. LAC Z 3.2 ). 6 Thus, the contribution of the other light elements in the compounds (e.g. O for CeO2 and Cl for CeCl3) to the c0 and c2 values is negligible. As a result, the trajectories of CeO2 and CeCl3 in Fig. 5c are almost identical to each other. Figure 5c depicts the important feature of our measurement principle. The K-edges of Ce, Dy, and W are located at 40 (Fig. 1) , 54, and 70 keV, respectively. These values fall within the energy range of the X-ray spectrum of the scanner used (22 -100 keV, see Fig. 1 ). Strong attenuation occurs at the energy range beyond the K-edge, resulting in a suppression of the magnitude of the beam hardening. Such suppression has been reported for Gd. 25 Because the K-edge position depends on Z, 24 the degree of the suppression is also Z-dependent. As a result, Ce, Dy, and W show unique trajectories (Fig. 5c ). This fact permits us to simultaneously estimate Z using Fig. 5c , and the concentration using Figs. 5a and 5b.
The Z-dependence of the sensitivity of our measurement method is shown in Fig. 6 . The relative positions of the K-edge of the element and the X-ray source spectrum of the scanner affect the sensitivity. For an element with a K-edge located near the peak of the source spectrum, the trajectory in the c0-c2 plane is unique (Fig. 5c) . As a result, the concentration and Z value can be estimated simultaneously. This Z-dependent sensitivity results in a detection window in Fig. 6 , and the most sensitive element has a Z value of approximately 65. In contrast, for an element with a K-edge that falls outside the spectrum range Fig. 4 Line profiles along the yellow line (71 voxels long) for simulated CT images (e.g. Fig. 3 ) of aqueous solutions of various heavy elements. Equation (1) is well fitted to each profile by a colored curve, demonstrating that the parabolic approximation is reasonable.
(22 -100 keV) or far from the spectrum peak, distinguishing the trajectory in the c0-c2 plane is difficult. Examples include Zr and Ag in Fig. 5c , which have K-edges of 18 and 26 keV, respectively. Simultaneous estimations of concentration and Z value are difficult for such elements. The results of an error evaluation using a CeCl3 aqueous solution (0.55 mol/L) are summarized in Figs. 7 and S6 (Supporting Information).
First, we performed the unit conversion of the experimentally obtained CT image (LAC unit, HU) and the numerically simulated CT image (LAC unit, cm -1 ) using a cross-plot of the line profiles of Fig. S2 (Supporting Information). Although some noise can be seen in Figs. 2b and S2, a reasonable calibration line with a correlation coefficient of 0.99 was obtained (Fig. S6) . The experimentally obtained CT image with a LAC unit of HU was converted to that with a LAC unit of cm -1 using the calibration line; fitting to Eq. (1) resulted in (c0, c2) = (0.893 cm -1 , 5.72 × 10 -5 cm -1 ). In contrast, the true values of (c0, c2) = (0.892 cm -1 , 5.87 × 10 -5 cm -1 ) for the solution sample were obtained by a line profile analysis of the numerically simulated CT image shown in Figs. 4 and S2 .
We plotted two sets of the (c0, c2) values to evaluate the estimation accuracy of the measurement method (Fig. 7) . It should be noted that Fig. 7 is significantly zoomed compared with Fig. 5c . The (c0, c2) values did not exactly coincide with each other, owing to the noise in the real CT image shown in Figs. 2b and S2. The trajectories of four possible element candidates (58Ce, 59Pr, 75Re, and 76Os) are also shown in Fig. 7 . The experimentally obtained (c0, c2) set is located between the trajectories of Ce and Pr and between those of Re and Os. Thus, the heavy element in the CT image of Fig. 2 is Ce, Pr, Re, or Os. The c2 value of Ce for a fixed c0 value is almost equal to the c2 value of the elements with a Z value of approximately 75 ( Fig. 6) . Therefore, we could not exclude 75Re or 76Os as a possible element in the solution/suspension. The molar concentration of the heavy element could be estimated using the simulation data (e.g. Figs. 5a and 5b for Ce). If we assume that the experimentally measured value of c0 (= 0.893 cm The following remarks concerning the measurement principle should be noted:
(i) The heavy-element containing solution or suspension should be homogeneous in terms of the CT voxel size, which is typically several hundred micrometers for medical CT scanners. Solid solution samples, such as homogeneous lead glass, could also be analyzed by this method. (ii) According to the detection window of Fig. 6 , the most sensitive element has a Z value of approximately 65. The Z-sensitivity depends on the acceleration voltage of the CT scanner. Figure 6 is for an acceleration voltage of 100 kV. If the acceleration voltage shifts upwards (or downwards), the detection window will also shift, and the Z value of the most sensitive element will increase (or decrease). (iii) Only a single species of heavy element should be present in the solution or suspension. If two heavy elements are present, dual-energy (rather than single-energy) lineprofile data analysis should be performed by changing the acceleration voltage of the X-ray tube. (iv) Equation (1) is valid for a relatively dilute solution sample with a completely symmetric shape. Figure S3 shows that the shape of the bright region corresponding to the CeCl3 solution is not completely symmetric, yielding the very slight discrepancy of the parabolic fitting in Fig. 4 . As for the AgNO3 solution in Fig. 4 , the relatively high concentration (i.e. 0.93 mol/L) is another factor enhancing the discrepancy. Although the discrepancy is fortunately negligible for the case of Fig. 4 , the following simple improvement will ensure more accurate quantification of the line profiles when applied to samples having more irregular shapes and higher concentrations. The quantities c0 and c2 should be re-defined as the minimum and the difference between the minimum and maximum of the line profile, respectively. According to this new definition of the degree of beam hardening, simulations similar to Fig. 5 should be performed to estimate the atomic number and the concentration. (v) The following discussion on the Z-resolution may be helpful. For elements with K-edges that fall outside the spectrum range (22 -100 keV) or far from the spectrum peak in Fig. 1 , distinguishing the elements is difficult because their trajectories in Fig. 5c are almost identical to each other. Examples include 40Zr, 47Ag, and 50Sn, which have K-edges of 18, 26, and 29 keV, respectively. Figure 7 indicates that the estimation error of c2 is 1.5 × 10 -6 cm -1 for the CT scanner used. We assume that this value could be applicable to all data points in Fig. 6 as a possible error bar along the c2 axis. Figure 6 shows that Zr, Ag, and Sn are undistinguishable because the three error bars projected on the c2 axis overlap each other. In contrast, 53I is distinguishable from Zr, Ag, and Sn because the projected error bar does not overlap. It should be noted that the Z-resolution discussed above strongly depends on the noise level of the CT apparatus. The use of a modern low-noise CT scanner will ensure better Z-resolution compared with a somewhat old scanner of Fig. S1 made in 1996.
Conclusions
We applied single-energy (rather than dual-energy) X-ray CT simulations with a polychromatic X-ray source to heavy-element containing solutions and suspensions. The simulations revealed that when the K-edge of the heavy element was located near the peak energy of the polychromatic X-ray spectrum, the degree of beam hardening in the simulated CT image was sensitive to the atomic number and concentration of the heavy element. By analyzing the beam hardening quantitatively, we were able to estimate the molar concentration and atomic number of a heavy element in a solution sample with reasonable accuracy. Because this single-shot CT method is nondestructive and quick, it is particularly suitable for (i) the screening of hazardous chemicals confined in containers at cargo security scenes and at industrial waste-disposal sites, and (ii) preliminary analysis of the soil or rock core samples contaminated with harmful heavy metals. The method is also potentially applicable to the medical quantification of lanthanoid-series contrast agents in rats and patients. 
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